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Golgi Membranes Remain Segregated
from the Endoplasmic Reticulum during
Mitosis in Mammalian Cells
the ER and are partitioned into daughter cells through
the ER (Thyberg and Moskalewski 1992; Zaal et al., 1999).
We have designed an assay to address the issue of
whether Golgi membranes fuse with the ER during mi-
totic progression in mammalian cells. This assay relies
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on the ability of two proteins to conditionally bind in the
presence of ligand. Rapamycin, a small molecule, bindsSummary
to the FK506 binding protein (FKBP) (Wiederrecht et al.,
1991). The FKBP-rapamycin associated protein (FRAP)What happens to organelles during mitosis, and how
they are apportioned to each of the daughter cells, is binds to the FKBP-rapamycin complex (Brown et al.,
1994; Sabatini et al., 1994), and only in the presence ofnot completely clear. We have devised a procedure
to address whether Golgi membranes fuse with the rapamycin do these molecules interact. We have fused
FKBP to a Golgi enzyme of the medial to trans GolgiEndoplasmic Reticulum (ER) during mitosis via the de-
tection of interactions between ER and Golgi proteins. cisternae, Sialyltransferase (ST, ST-FKBP), and FRAP to
an ER retained version of the human invariant chainThis procedure involves coexpressing an FKBP-tagged
Golgi enzyme with an ER-retained protein fused to protein (Ii, Ii-FRAP). If Golgi membranes are redistrib-
uted into the ER with Brefeldin A, Ii-FRAP quickly andFRAP in COS cells. Since treatment with rapamycin
induces a tight association between FKBP and FRAP, efficiently traps ST-FKBP in the presence of rapamycin.
When pre-mitotic COS 7 cells expressing ST-FKBP andone would expect rapamycin to trap the FKBP-fused
Golgi protein in the ER if it ever visits the ER during Ii-FRAP are treated with rapamycin, we find that, after
cell division, ST-FKBP is found in reforming Golgi mem-mitosis. However, after the doubly transfected cells
progress through mitosis in the presence of rapa- branes and is not retained in the ER. We conclude that,
in mammalian cells, the Golgi apparatus is inheritedmycin, we find the Golgi protein in the newly formed
Golgi stacks and not in the ER. Based on these results, independent of the ER.
we conclude that Golgi membranes remain separate
from the ER during mitosis in mammalian cells.
Results
Introduction
A Procedure for Trapping Golgi Enzymes in the ER
We have constructed a fusion protein (ST-FKBP) con-In mammalian cells the Golgi apparatus is anchored to
the pericentriolar region and is organized as a ribbon taining the FKBP coding region fused C-terminal of the
Golgi localization domain of Sialyltransferase (ST).of connected stacks. In organisms such as plants, yeast,
and Drosophila, the Golgi is randomly dispersed through- Green fluorescent protein (GFP) is appended to the C
terminus of this construct (Figure 1Aa). By fluorescenceout the cytosol (Nebenfuhr and Staehelin, 2001; Preuss
et al., 1992; Stanley et al., 1997). It is not clear why microscopy, this chimera localizes to the Golgi when
expressed in COS 7 cells (Figure 1Ac). Western blotmammalian cells keep their Golgi membranes near the
centrioles. During mitosis, mammalian cells sequentially analysis of immunoprecipitations and transfected lysate
show proteins of the predicted size (Figure 1Ab). Anotherfragment their pericentriolar Golgi into small pieces
(Warren, 1993; Colanzi et al., 2000). In general, it is un- construct, named Ii-FRAP, consists of the FKBP-rapa-
mycin binding domain of the FRAP protein fused be-derstood that this ocuurs via a two-step process (Col-
anzi et al., 2003). In prophase pericentriolar, Golgi mem- tween two regions of the human invariant  chain protein
(Ii) and the HA epitope (Figure 1Ba). The invariant  chainbranes are fragmented into small elements referred to
as “Golgi blobs” (first step). These blobs undergo further protein contains an arginine-based ER retention motif
(Schutze et al., 1994) that allows it to remain in the ERfragmentation and appear as a haze by fluorescence
microscopy sometime between prophase and anaphase until it associates with the  chain of the MHC class II
(second step). As daughter cells begin to separate, the molecule (Khalil et al., 2003). In COS 7 cells, the MHC
Golgi haze is converted into larger Golgi fragments that class II  chain is not expressed, and the invariant 
eventually reform in the pericentriolar region of each chain region of Ii-FRAP is sufficient to restrict it to the
daughter cell. For over a decade, it has been debated ER, where it colocalizes with calreticulin (Figure 1Bc).
whether the Golgi haze represents small Golgi fragments This chimera is also expressed at the expected molecu-
or Golgi membranes fused with the ER (Puthenveedu lar weight as determined by Western blots of lysate
and Linstedt, 2001). The lack of conclusive evidence from transfected cells and immunoprecipitations (Figure
either way has polarized the field into two ways of think- 1Bb). When electroporation is used to introduce ST-
ing about how Golgi membranes are inherited. In one FKBP and Ii-FRAP cDNAs into COS 7 cells, we find that,
view, the Golgi is inherited independent of the ER (Shima by fluorescence microscopy, a high percentage of cells
et al., 1997; Jesch and Linstedt, 1998). The other pro- (approximately 60%) are cotransfected. Under these
posal is that during mitosis, Golgi membranes fuse with conditions, ST-FKBP and Ii-FRAP remain separate, as
visualized by fluorescence microscopy and are found
in the Golgi and ER, respectively (Figure 1C).*Correspondence: Malhotra@biomail.ucsd.edu
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Figure 1. Generation of Rapamycin Binding Golgi- and ER-Specific Proteins
Images represent single, deconvolved Z sections (see Experimental Procedures).
(Aa) ST-FKBP consists of the FKBP coding region fused between the Golgi localization domain of Sialyltransferase (ST) and GFP.
(Ab) COS 7 cells were electroporated with ST-FKBP cDNA. After 24 hr of expression, the cells were trypsinized and collected via centrifugation.
Following lysis with RIPA buffer membrane, free lysates were subjected to Western blot analysis or incubated with protein A and protein G
sepharose beads conjugated with an anti-GFP antibody overnight. The beads were then washed and incubated with sample buffer. Following
sample buffer incubation, samples were boiled and SDS-PAGE was performed to separate proteins. Western blot analysis of transfected
lysate (T) and immunoprecipitations with an anti-GFP antibody reveals proteins of the expected molecular weight. (NT)  Nontransfected.
The bands present in the GFP IP with nontransfected lysate represent IgGs.
(Ac) COS 7 cells were electroporated with ST-FKBP cDNA and plated on glass coverslips coated with pronectin F. After 24 hr of expression,
cells were fixed and prepared for fluorescence microscopy. ST-FKBP was visualized via GFP fluorescence and the DNA is stained with
Hoechst and seen in blue. In interphase cells, ST-FKBP (green) localizes to the pericentriolar region with GM130 (red).
(Ba) Ii-FRAP is composed of the FKBP-rapamycin interacting domain of FRAP fused between two regions of the human invariant  chain
protein (Ii) and the HA epitope.
(Bb) COS 7 cells were electroporated with Ii-FRAP cDNA. Transfected lysate (T) and immunoprecipitations with an anti-HA antibody were
prepared as in (Ab). Western blot analysis (with an anti-HA antibody) of transfected lysate (T) and immunoprecipitations shows proteins of
the predicted molecular weight. Note that both ST-FKBP and Ii-FRAP migrate at about 45 kDa. (NT)  Nontransfected.
(Bc) COS 7 cells were electroporated with Ii-FRAP cDNA and plated onto glass coverslips coated with pronectin F. After 24 hr of expression,
the cells were fixed and prepared for fluorescence microscopy. Ii-FRAP was visualized with a monoclonal antibody recognizing the HA epitope,
and endogenous calreticulin is stained with a polyclonal antibody. Ii-FRAP (red) colocalizes with calreticulin (green) in the ER.
(C) COS 7 cells were electroporated with ST-FKBP and Ii-FRAP cDNAs and plated on glass coverslips coated with pronectin F. After 24 hr
of expression, cells were fixed and prepared for fluorescence microscopy. The image shows an interphase COS 7 cell expressing ST-FKBP
(green, GFP) and Ii-FRAP (red, anti-HA). The DNA is seen in blue (Hoechst). ST-FKBP and Ii-FRAP remain separate in interphase cells.
When membrane-permeant rapamycin is added to bound to rapamycin. Importantly, once formed in the
ER, the ST-FKBP-Ii-FRAP complex should remain in thecells coexpressing ST-FKBP and Ii-FRAP, it should bind
to ST-FKBP in the lumen of the Golgi. Ii-FRAP would be ER, even after Golgi membranes are allowed to relocate
to the pericentriolar region, because of the ER retentionprevented from binding the ST-FKBP-rapamycin com-
plex because it is retained in the ER. However, if, in the motif present in Ii-FRAP. To test whether Ii-FRAP can
trap ST-FKBP in the ER, we designed an experimentpresence of rapamycin, Golgi membranes were induced
to fuse with the ER, then Ii-FRAP should bind ST-FKBP in which cotransfected COS 7 cells are treated with
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Brefeldin A (BFA), a drug that induces the Golgi to fuse fragments. Ii-FRAP maintains a reticular pattern through-
out mitosis, and this observation is in agreement withwith the ER (Lippincott-Schwartz et al., 1989) for 1 hr at
published results on the behavior of ER proteins during37C. This incubation is carried out in the presence or
cell division in mammalian cells (Ellenberg et al., 1997).absence of rapamycin. After 1 hr, BFA and excess rapa-
In telophase, small ST-FKBP fragments that partiallymycin are washed out (rapamycin bound to FKBP is not
colocalize with GM130 begin to emerge from the haze.washed out) and the cells are incubated in fresh medium
After cytokinesis, these proteins are found in large frag-for 90 min. At this time, we determine, by fluorescence
ments situated next to the centrosomes (Figure 4A).microscopy, if ST-FKBP is found at the pericentriolar
Even though deconvolution microscopy clearly showsregion or in the ER bound to Ii-FRAP (Figure 2A). After
that the Golgi haze is separate from the reticular ERa 1 hr BFA treatment, ST-FKBP is found in the ER and
(Figure 3), it is possible that Golgi proteins transientlycolocalizes with Ii-FRAP. When the cells are released
relocate to the ER and quickly reemerge. This is an issuefrom BFA in the absence of rapamycin, ST-FKBP relocal-
because while it is known that transport out of the ERizes to the pericentiolar region. In the presence of rapa-
is blocked during mitosis (Featherstone et al., 1985), themycin following BFA release, ST-FKBP remains in the ER
exact stage at which this block is induced and thenand colocalizes extensively with Ii-FRAP. Under these
alleviated is not known. Thus, the Golgi haze could rep-conditions, the integrity of the Golgi is unaffected, as
resent Golgi membranes that have already fused withobserved by fluorescence microscopy with an antibody
the ER and reemerged or Golgi membranes that havespecific for GM130, a Golgi-associated protein (data
yet to do so.not shown).
To address this issue, we employed our trappingTo establish the efficiency and kinetics with which
assay to mitotic COS 7 cells. Cotransfected cells wereST-FKBP is captured by Ii-FRAP, we determined the
treated as before except 7 hr after aphidicolin release,percentage of cotransfected cells that have ST-FKBP
rapamycin was added for 90 min. This time period waseither at the pericentriolar region or in the ER after BFA
chosen to allow rapamycin to bind and remain boundrelease in the absence or presence of rapamycin for
to ST-FKBP throughout mitosis. Cells were then fixedassorted periods of time (Figure 2B). To fuse the Golgi
and prepared for fluorescence microscopy. Our workingwith the ER, BFA, with or without rapamycin, was added
hypothesis is the following: if Golgi membranes fuseto electroporated COS 7 cells for 1 hr at 37C. The cells
with the ER at any time during mitosis, we expect ST-were then washed with PBS and incubated with fresh
FKBP to be associated with Ii-FRAP in the ER andmedia for 90 min, or incubated with rapamycin for 2.5,
excluded from reforming Golgi membranes after cell5, or 10 min in the presence of BFA, and then washed
division. Conversely, if Golgi membranes remain inde-and incubated in fresh media for 90 min. At this time
pendent of the ER during cell division, then ST-FKBPthe cells were fixed and prepared for fluorescence mi-
will be found with reforming Golgi membranes in daugh-croscopy. After BFA release, in the absence of rapa-
ter cells after mitosis. Fluorescence microscopy of rapa-mycin, 97% of cotransfected cells have ST-FKBP at
mycin-treated cells just completing or in the processthe pericentriolar region and 3% contain it in the ER
of cytokinesis (when the Golgi and ER are prominently(cotransfected cells expressing high levels of FRAP were
distinguishable) clearly illustrates ST-FKBP’s presencescored). Of cotransfected cells treated with BFA and
in reforming Golgi fragments that also contain GM130rapamycin, after drug release, only 30% show ST-FKBP
(GM130 data not shown, Figure 4A). In support of this,at the pericentriolar region while 70% display it in the
the percentage of newly divided cells containing ST-ER. This trapping efficiency is the same if cells are
FKBP in reforming Golgi elements (98%  2%) was thetreated with rapamycin for 10, 5, or just 2.5 min prior to
same in the presence or absence of rapamycin (Figuredrug washout. From these results, we conclude that Ii-
4C). Thus Golgi membranes do not cycle through theFRAP quickly and efficiently traps ST-FKBP in the ER
ER during mitosis.
in the presence of rapamycin when Golgi-ER fusion is
To further strengthen our conclusion, we asked if ST-
induced by BFA.
FKBP would be captured in the ER by Ii-FRAP if Golgi
membranes were artificially fused with the ER under
Do Golgi Membranes Fuse with the ER mitotic conditions. COS 7 cells were arrested in S phase
during Mitosis? with aphidicolin treatment, released from this block for
To visualize the dynamics of Golgi membranes during 6 hr, and then incubated with BFA for 1 hr to fuse Golgi
mitosis, COS 7 cells expressing ST-FKBP and Ii-FRAP membranes with the ER, in the presence or absence of
were plated on glass coverslips coated with pronectin rapamycin. The cells were released from BFA for 90 min
F and arrested in S phase overnight with aphidicolin as to allow for progression into and through mitosis. Cells in
described previously (Acharya et al., 1998; Sutterlin et or just after cytokinesis were visualized by fluorescence
al., 2002). Eight and a half hours after aphidicolin release, microscopy. Under these conditions, Golgi-specific ST-
a significant number of cells are found in various stages FKBP was found trapped in the ER in the presence
of mitosis. At this time, the cells were fixed and prepared of rapamycin and was associated with reforming Golgi
for fluorescence microscopy (Figure 3). In interphase fragments in its absence (Figure 4B). Thus, when Golgi
cells, ST-FKBP and GM130 (data not shown) localize at membranes are fused with the ER and the cells are
the pericentriolar region and Ii-FRAP forms a reticular allowed to progress through mitosis, Golgi-specific pro-
network around the nucleus. During prophase, ST-FKBP teins can be trapped in the ER through use of the rapa-
staining is almost completely converted into a haze that mycin-based procedure. In other words, if Golgi proteins
persists through anaphase. GM130 also becomes largely were to cycle through the ER during mitosis, our proce-
dure would have captured and retained Golgi-specificdiffuse although a significant percentage exists as small
Cell
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Figure 2. BFA-Induced Relocation of ST-FKBP into the ER and Trapping by Rapamycin
Images represent single, deconvolved Z sections (see Experimental Procedures).
(A) Cotransfected (electroporated) COS 7 cells were treated with BFA to fuse Golgi membranes with the ER. After 1 hr, BFA treatment ST-
FKBP (green, GFP) colocalizes with Ii-FRAP (red, anti-HA) in the ER (yellow). When cells are released from BFA for 90 min in the absence of
rapamycin, ST-FKBP is found in the pericentriolar region. When BFA is washed out in the presence of rapamycin, ST-FKBP remains in the
ER and colocalizes extensively with Ii-FRAP (yellow). The DNA is visualized in blue (Hoechst).
(B) The percentage of cotransfected cells exhibiting ST-FKBP (GFP) at the pericentriolar region or in the ER (Ii-FRAP, anti-HA) was determined
after BFA release in the absence or presence of rapamycin for assorted periods of time. Cotransfected cells overexpressing Ii-FRAP (based
on fluorescence intensity) were scored. Cells were either treated with BFA  rapamycin for 1 hr or treated with BFA for 1 hr followed by
incubation with rapamycin in the presence of BFA for 2.5, 5, or 10 min. The cells were then washed and incubated in fresh media for 90 min.
At least 150 cotransfected cells were counted for each experiment/condition and the histogram represents the average of two (Rap for 2.5,
5, or 10 min) or five (Rap for 0 or 60 min) independent experiments. If cells are treated with rapamycin for just 2.5 min prior to drug washout,
ST-FKBP is efficiently trapped in the ER.
ST-FKBP in the ER. Based on our findings, we conclude Discussion
that during normal progression through mitosis in mam-
malian cells, Golgi membranes remain separate from The fact that Golgi membranes are fragmented during
mitosis has been known since the 60s (Robbins andthe ER.
Golgi Locale in Mitosis
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Figure 3. Dynamics of the Golgi Apparatus during Cell Division in COS 7 Cells
Images represent single, deconvolved Z sections (see Experimental Procedures).
COS 7 cells expressing ST-FKBP and Ii-FRAP were arrested overnight with aphidicolin and released for 8.5 hr in fresh medium. The cells
were then fixed and prepared for fluorescence microscopy. ST-FKBP was visualized with GFP fluorescence (green), and Ii-FRAP was observed
with an antibody against the HA epitope (red). The DNA is seen in blue (Hoechst). The Golgi is broken down into a haze in prophase that
persists through anaphase. In telophase, small pieces containing ST-FKBP begin emerging from the haze. The ER remains reticular throughout
mitosis and appears to be separate from the Golgi haze.
Gonatas, 1964; Maul and Brinkley, 1970). But in these posed of tubulo-vesicular membranes (Shima et al.,
1997, 1998). However, work from our lab and the labsearly studies the morphology of mitotic Golgi mem-
branes was not revealed. It wasn’t until Warren and of Adam Lindstedt, Jennifer Lippincott-Schwartz, and
Benjamin Glick reveals that Golgi membranes are firstcolleagues used antibodies to Golgi-specific enzymes
in the early 80s that it became apparent that Golgi mem- converted into small elements (Golgi blobs), which, in a
cell type-specific manner, are further processed andbranes are diffusely distributed in cells during mitosis
(haze) (Burke et al., 1982). Electron microscopy (EM) appear diffusely dispersed (Golgi haze) (Colanzi et al.,
2000; Jesch et al., 2001; Zaal et al., 1999; Hammondperformed by Warren and colleagues revealed that the
Golgi haze is made up of membranes in the form of and Glick, 2000). But what is the molecular description
of this haze? Does it represent Golgi membranes in thesmall vesicles (Lucocq and Warren, 1987; Sonnichsen
et al., 1996). Contrastly, EM performed by Thyberg and form of small vesicles or the relocation of Golgi enzymes
into the ER? Linstedt and colleagues have reported thatMoskalewski in 1992 showed Golgi enzymes in the ER
of mitotic cells (Thyberg and Moskalewski, 1992), sug- Golgi membranes can be isolated away from the ER in
nocodazole-arrested mitotic cells (Jesch and Linstedt,gesting that the haze represents the relocation of Golgi
enzymes into the ER. However, it can be argued that 1998). However, the cells used for the isolation of Golgi
membranes could have easily been enriched in earlythe ER localization of Golgi enzymes was due to the ER
retention of newly synthesized proteins and proteins mitotic stages, when Golgi membranes are in the form
of large blobs and therefore, not surprisingly, separatedarriving via retrograde transport in cells chronically ar-
rested in mitosis by nocodazole treatment. from the ER. Lippincott-schwartz and colleagues have
reported that the Golgi haze is due to relocation of GolgiMore recently, Warren and colleagues have reported
that Golgi membranes do not appear as a haze but proteins into the ER (Zaal et al., 1999). They expressed
a chimera consisting of a Golgi-specific Galactosyl-remain as large and discrete elements (132  5) com-
Cell
104
Figure 4. ST-FKBP Is Not Trapped in the ER
after Cell Division in the Presence of Rapa-
mycin
All images represent single, deconvolved Z
sections (see Experimental Procedures) of
cells expressing ST-FKBP and Ii-FRAP that
have just completed cytokinesis. Criteria for
cell selection: (1) decondensing DNA of
closely opposed cells (Hoechst); (2) coex-
pression of ST-FKBP and Ii-FRAP (overex-
pression of Ii-FRAP); (3) appearance of a
bridge that once connected closely opposed
cells (Ii-FRAP, anti-HA).
(A) COS 7 cells expressing ST-FKBP and Ii-
FRAP were arrested overnight with aphidi-
colin and released for 7 hr in fresh medium.
Next, rapamycin was added (or not) for 90
min. Cells were then fixed and prepared for
fluorescence microscopy. In the presence
and absence of rapamycin, ST-FKBP (green,
GFP) is found in reforming Golgi elements
that are separate from reticular Ii-FRAP (red,
anti-HA).
(B) COS 7 cells were arrested overnight as in
(A). Six hours after aphidicolin release, BFA
rapamycin was added for 1 h and then
washed out with PBS. The cells were incu-
bated in fresh media for 90 min and then pre-
pared for fluorescence microscopy. ST-FKBP
(green, GFP) is found in the Ii-FRAP (red, anti-
HA) reticulum in the presence of rapamycin.
With BFA alone, ST-FKBP is found in re-
forming Golgi membranes.
(C) The percentage of newly divided cells (in
or just finishing cytokinesis) having ST-FKBP
in reforming Golgi elements or in the ER was
determined by fluorescence microscopy.
Cells were selected as described above. Bars
1 and 2 represent untreated cells and cells
treated with rapamycin for 90 min, respec-
tively, as in Figure 4A. The third and fourth
bars represent cells treated with BFA and re-
leased for 90 min in the presence or absence
of rapamycin, respectively, as in Figure 4B.
In each experiment, 35 cells were counted
per condition and the histogram represents
the average of two ( rapamycin) or three
(BFA  rapamycin) independent experi-
ments. ST-FKBP is trapped in the ER after
cell division in COS 7 cells only if the Golgi
is first redistributed into the ER by BFA.
transferase fused to GFP (GalT-GFP) and found that it Golgi Membranes Fragment during Mitosis
but Do Not Fuse with the ERlocalized to the ER in mitotic cells by EM. However, it
appears that the majority of the GalT-GFP protein used As reported here, Golgi-specific ST-FKBP expressed in
COS 7 cells is found as a haze from prophase throughin this study was retained in the ER in an unfolded form
(Jokitalo et al., 2001). In addition, the Lippincott- anaphase. Interestingly, the Golgi haze containing ST-
FKBP is separate from the reticular ER network con-Schwartz group observed the presence of endogenous
Galactosyltransferase in the ER. However, this pool may taining Ii-FRAP, as they do not colocalize by fluores-
cence microscopy (Figure 3). Thus even at this level ofhave represented newly synthesized protein arrested in
the ER due to a mitotic block in ER exit (Featherstone analysis, Golgi membranes are likely not contained in
ER membranes. However, it could be argued that Golgiet al., 1985). In their report, Lippincott-Schwartz and
colleagues also used photo bleaching-based analysis membranes are en route to fusion with the ER or have
exited the ER and are in the process of reassembly.to show that, during mitosis, Golgi membranes are found
in a continuous, reticular environment like the ER. How- Our scheme of trapping Golgi enzymes in the ER
through use of rapamycin and rapamycin binding pro-ever, it is unclear whether this approach would have
distinguished between Golgi membranes in the form of teins was designed to address this issue. Soon after
cytokinesis in COS 7 cells, Golgi membranes are foundvesicles and Golgi membranes fused with the ER.
Golgi Locale in Mitosis
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Sud Institute, Italy). Rabbit polyclonal anti-Calreticulin was pur-in the pericentriolar region and are close to complete
chased from Affinity Bioreagents. Secondary antibodies from Mo-assembly. If Golgi membranes had fused with the ER,
lecular Probes: Rhodamine red anti-mouse, Alexa Fluor 555 anti-then, at this time, in the presence of rapamycin, the
mouse, Alexa Fluor 647 anti-rabbit. Secondary antibodies from
Golgi protein ST-FKBP should be trapped in the ER Jackson Laboratories: (HRP conjugated) anti-mouse, anti rabbit.
through binding to Ii-FRAP. However, this is clearly not Hoechst was purchased from Molecular Probes.
the case, as, after cell division, we find that ST-FKBP
Cloning and Constructsis excluded from the ER network and associates with
pCMV3-ST-GFP was a gift from Ian Trowbridge. The FKBP codingreforming Golgi membranes (Figures 4A and 4C). We
region (Ho et al., 1996), a gift from Stefan Ho (UCSD Department ofhave ruled out trivial possibilities that rapamycin is inef-
Molecular Medicine), was cloned into the EcoRI site of pCMV3-ST-fective during mitosis. Cells treated with BFA, to fuse
GFP (ST-FKBP). The human invariant  chain cDNA was a gift from
the Golgi with the ER, and then allowed to progress Lars Karlsson (Johnson and Johnson Pharmaceutical Research and
through mitosis in the presence of rapamycin reveal Development). Human FRAP cDNA was also a gift from Stefan Ho.
Golgi-specific ST-FKBP arrested in the ER (Figures 4B The FKBP-rapamycin binding domain of FRAP (AA 2026-2114) and
the HA epitope were cloned into the XhoI and SalI sites of the vectorand 4C). On the basis of these results, we conclude that
containing the human invariant  chain gene.Golgi membranes remain separate from the ER during
mitotic progression in mammalian cells.
Cell Culture
COS 7 cells were grown at 37C with 5% CO2 in complete DMEM
Why Mammalian Cells Fragment the Golgi with 10% FBS, 100 U/ml penicillin/streptomycin, and 2 mM L-glu-
Apparatus So Extensively during Mitosis? tamine.
During mitosis in mammalian cells, Golgi membranes
are sequentially fragmented, first into large blobs (step1) Deconvolution Microscopy
Images were captured with a Delta Vision deconvolution microscopethat are subsequently converted into smaller elements
system (Applied Precision, Inc., Issaquah, Washington). The system(Golgi haze, step 2) (Colanzi et al., 2003). A Golgi appara-
includes a photometrics CCD mounted on a Nikon TE-200 invertedtus that has been fragmented into large blobs, in princi-
epi-fluorescence microscope. In general, 50 optical sections spaced
ple, should be sufficient for partitioning into daughter by 0.2 m were taken. The best optical section for each data set
cells. The Golgi membranes in plants, early Drosophila was selected for publication. Exposure times were set such that the
embryos, and yeast (cerevisiae) are distributed through- camera response was in the linear range for each fluorophore. A
out the cytoplasm and during cell division are partitioned 100 (NA 1.4) lens was used. The data sets were deconvolved
and analyzed using SoftWorx software (Applied Precision, Inc) oninto daughter cells without a major change in organiza-
a Silicon Graphics Octane workstation.tion (Preuss et al., 1992; Stanley et al., 1997; Nebenfuhr
and Staehelin, 2001). Why then do mitotic Golgi blobs
Rapamycin Trapping Assayin mammalian cells undergo conversion into smaller ele-
5  10^6 COS 7 cells were electroporated (960 F, 0.22 V) with ST-
ments? Is this necessary for partitioning into daughter FKBP and Ii-FRAP cDNAs (15 g each) and plated into 6 cm culture
cells, or do cells benefit from Golgi fragmentation in dishes with glass coverslips coated with pronectin F (approximately
more ways than currently obvious? We have shown that 1/4-2/5 of cell population/6 cm dish). After 24 hr of expression, the
cells were treated with BFA (2 g/ml)  rapamycin (200 nM) for 1if the pericentriolar Golgi membranes are not frag-
hr at 37C (at this time, prepare cells for fluorescence microscopymented into large blobs, cells remain arrested in G2 and
to visualize ST-FKBP in the ER). The cells were then washed 2do not enter mitosis (Sutterlin et al., 2002). Thus cells
with PBS and incubated with fresh media for 90 min at 37C. Afterhave a means to monitor the initiation of Golgi fragmen-
this, the cells were fixed with 4% formaldehyde for 15 min at room
tation and a defect in this process prevents mitotic entry. temperature (RT) and blocked with buffer containing 0.1% TX-100,
However, the significance of the second step of mitotic 2% horse serum, and 0.05% NaN3 for 30 min at room temperature.
Golgi fragmentation remains unknown. Kondo and col- ST-FKBP was visualized by GFP fluorescence. Ii-FRAP was ob-
served with a monoclonal antibody against the HA epitope (1:1K inleagues have recently reported that injection of reagents
PBS, 1 hr RT) followed by secondary detection with Alexa Fluor 555that prevent inhibition of a protein called p47 prevents
or rhodamine red (1:1K in PBS, 30 min RT). GM130 was stained withconversion of Golgi blobs into the haze in metaphase,
polyclonal anti-GM130 antibody (1:1K in PBS, 1 hr RT) and wasbut has no effect on progression of cells through the later
detected secondarily with Alexa Fluor 647 (1:1K in PBS, 30 min RT).
stages of mitosis (Uchiyama et al., 2003). This finding ST-FKBP was observed via GFP fluorescence and the DNA was
suggests that the second step of Golgi fragmentation stained with Hoechst (1:50K in PBS). Images were taken as de-
is not essential for mitotic progression. Thus, the reason scribed above (Deconvolution microscopy).
for converting Golgi blobs into smaller elements re-
Quantitation of Trapping Efficiencymains elusive.
COS 7 cells were treated as described above (Rapamycin trappingIn conclusion, it is our opinion that our findings have
assay). After BFA release in the presence or absence of rapamycin,resolved a long-standing controversy regarding the fate
cotransfected cells were scored for having ST-FKBP (GFP) at the
of Golgi membranes during mitotic progression. We Golgi or in the ER (Ii-FRAP, anti-HA). Cotransfected cells were se-
conclude from our results that mitotic Golgi fragments lected based on overexpression of Ii-FRAP to ensure enough captur-
remain separate from the ER and thus propose that ing protein to trap ST-FKBP in each cell counted. At least 150 cells
were scored per experiment. The data are presented in the form ofbiogenesis of the Golgi apparatus in daughter cells is
a histogram.from preexisting Golgi elements rather than de novo.
Establishing Trapping KineticsExperimental Procedures
COS 7 cells, growing on glass coverslips coated with pronectin F
expressing ST-FKBP and Ii-FRAP were treated with BFA (2 g/ml)Antibodies
for 1 hr at 37C followed by the addition of rapamycin (200 nM) forFrom Covance: monoclonal anti-HA, polyclonal anti-HA, monoclonal
anti-GFP. Anti-GM130 was a gift from Dr. M.A. Matteis (Mario Negri 0, 2.5, 5, or 10 min in the presence of BFA. The cells were released
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